Pulse transit time (PTT) is defined as the time it takes the blood pressure (BP) wave to propagate from the heart to a specified point on the body. After an initial BP measurement, PTT can track BP over short periods of time. This paper evaluates two PTT algorithms: Chen's and Poon's algorithm; two of the most cited works in the area. The criteria for evaluating them were: which was capable of best tracking changes in BP and which provided the longest time between subsequent BP measurements. These establish the suitability of the PTT method for practical applications, which has not been examined previously. Accuracy was evaluated using the Association of Advancement of Medical Instrumentation (AAMI) and the British Hypertension Society's (BHS) standards. Results show that Chen's algorithm is dependent on its lookup table at short intervals but remains accurate using a 6-min calibration interval, with r ¼ 0.96 and r 2 ¼ 0.98. Poon's algorithm fails when using a 2-min calibration interval, but is more capable of reflecting changes in BP. The short calibration interval and accuracy limit the usefulness of calculating BP using PTT. Therefore, neither of the algorithms can be recommended because of their shortcomings when estimating BP.
INTRODUCTION
One of the major challenges in the area of cardiovascular monitoring is the measurement of blood pressure (BP). The most accurate way to monitor someone's BP is by using invasive techniques; however, this is neither practical nor desirable in many cases. Instead, a variety of different methods are used to monitor BP non-invasively. The two most commonly used methods, which are currently being used both inside and outside the hospitals, are the auscillatory 1 and oscillometric 2 methods, both of which require a cuff to measure the BP. These have been used for many years now and are quite reliable and accurate, 3 but are somewhat limited as they do not provide continuous BP measurements and patients have often reported discomfort from wearing them. Therefore, it is well documented that there is a need to be able to continuously monitor BP without the use of a cuff. 4 One potential way to achieve this is by using pulse transit time (PTT) method that is able to track BP over a short period of time, after an initial calibration reading. 5 After this period, which is usually of the order of minutes, the BP needs to be measured again. 6, 7 The time between subsequent BP measurements is known as the calibration interval. This calibration is required because of the assumptions made in the derivation of the algorithm that calculates BP from the PTT measurement. Furthermore, there is currently no agreement about which algorithm tracks BP the best using PTT. The aim of this paper is to evaluate these methods and determine which one is able to track BP most accurately, and which enables the longest calibration interval.
During cardiac systole, blood is pumped into the circulatory system and a pressure wave is propagated away from the heart. The velocity of the propagation is dependent on numerous factors, one of which is the arterial wall stiffness that affects the speed of the wave.
PTT
6 is defined as the time it takes the wave to propagate from the heart to a specified point on the body. Pulse wave velocity (PWV) is the velocity at which the wave propagates. An electrocardiograph (ECG) is typically used as the device for measuring the initiation of the PWV at the heart and a photoplethysmograph (PPG) placed on the finger is usually used to monitor the secondary location for the arrival of the pulse wave. Using these two devices, it is possible to measure the PTT, as shown in Figure 1 .
METHODS
The Moens-Kortweg equation 8 forms the basis of most algorithms that relate PTT to BP. This equation relates PWV to the elasticity of the artery (E: Young's modulus), its diameter (d), the thickness of the wall (t), the density of the blood (r) and the gravitational constant (g), given below in Equation (1):
Using some simplification, substitution and manipulation, as described by Sorvoja, 8 PWV can be expressed as:
where E 0 is the elastic modulus at zero pressure, P is the BP (mm Hg), g is the coefficient ranging from 1.6 Â 10 À 2 to 1.8 Â 10 À 2 (mm Hg À 1 ) and K is proportional coefficient (m), indicating the specific distance for the pulse wave to transit within time T (s) at velocity v (m s À 1 ), according to Chen.
Chen et al. 9 simplified the relationship between BP and PTT to the following:
where P E is the estimated BP, P b is the base BP measured at the beginning of the measurement, T b is the value of the PTT recorded at the beginning and DT is the change in the PTT. This can then be further simplified to:
This relationship is true over a short period of time, while the elasticity of the arterial wall remains constant. After an initial calibration, BP can be estimated without further calibration while this condition applies. Chen preliminarily found a linear relationship between SBP and PTT when the data was filtered using a Bandpass filter between 5.3 Â 10 À 4 Hz and 4 Â 10 À 3 Hz, and applied this filter to his data. This data is known as the higher-frequency component. Depending on the calibration interval, this filter should be adjusted accordingly, when applied to the higher frequency component. However, no other authors reviewed have reported this relationship to be true and its derivation is unclear.
The lower-frequency component (LFC) is derived from BP cuff measurements, the time between these measurements being the calibration interval. Using a linear lookup table these measurements were interpolated at 1 Hz to form the LFC. At each calibration point, the estimation was corrected and between the calibration points, a combination of the higher-frequency component and LFC were used to track changes in BP.
Using this method, Chen obtained an accuracy of 0.97±0.02 mm Hg for SBP using 5 min calibration intervals. This result proved that BP changes could be tracked using PTT.
In 2005, Poon developed a method where she modified the MoensKorteweg relationship using an alternative definition of Young's modulus (E) and included the fact that MAP is often approximated as a third of SBP plus two-thirds of DBP, which gave the following equation: In this work, each of these algorithms was evaluated using a single set of data. These would be evaluated in two ways by determining: the accuracy of the method in tracking BP using the PTT method over calibration intervals of different duration and the longest duration that estimated BP would remain accurate without the need for calibration.
In this study, accuracy is determined using both the AAMI standard and the British Hypertension Society (BHS) standard.
Although Chen tested over a long period using 5-min calibration intervals and Poon's algorithm was only applied for 45 s for each test, it is unclear what effect changing the calibration intervals would have on the results. Neither of these calibration intervals are useful for practical application of the PTT method. However, by examining the longest calibration interval required, the usefulness of the PTT method can be established.
Data were collected from 15 healthy people: 10 males and 5 females aged 24-31 years, in accordance with ethical requirements. Each volunteer was tested three times for 30 min. Volunteers were asked to refrain from any BP-altering activities for 3 h before the test, as outlined in the recommendations. 1 All measurements were taken from the volunteers in a seated position in a quiet environment.
ECG data was recorded using a standard three-electrode ECG-monitoring system. 11 Figure 1 . Definition of PTT for these tests, taken from the peak of the ECG R-peak and the peak of the PPG wave. Each result represents the mean ± s.d. of error between the estimated BP, given by the PTT method, and measured BP, given by the Omron M6.
Sources of error in pulse transit time algorithms BM McCarthy et al
The PPG data was recorded using a finger cuff placed on the middle finger of the right hand based on standard designs. 12 Both the ECG and PPG signals were recorded at 400 Hz using LabView and stored in a spreadsheet for post processing. PTT was defined as the time interval between the ECG R-wave and the peak of the PPG signal within the same cardiac cycle, as suggested by Yoon.
13
BP was recorded using an Omron M6 oscillometric BP monitor. This device is used because of its compliance with the standards 3 and as such can be considered a gold standard. BP was recorded at 2-min intervals that provide the calibration interval when determining the maximum calibration interval in post processing.
All statistical methods and models were written using Matlab, using a combination of inbuilt functions and self-written ones. The Bland Altman graphs were also generated using Matlab using the Bland Altman paper 14 as a reference. Table 1 shows the results of using Chen's algorithm to track BP over each calibration interval, presented in the format used in the AAMI standard, which determines that the test device (PTT) must not differ from the standard (the Omron M6) by a mean difference 45 mm Hg or a s.d. 48 mm Hg. The last row presents the accumulated results across all volunteers.
RESULTS

Chen's algorithm
Examining the last row of Table 1 , it can be seen that the algorithm exceeds the standard using an 8-min calibration interval. Looking at the calibration intervals after 8 min, it can be seen that the results degrade rapidly after this point. The reason for this degradation is the filter. Over the first two/three intervals, the effect of the filter has a minor role in the results and the LFC was the major contributor to the results. However, as the calibration interval grows and the appropriate changes were accordingly made to the filter, the effect of the filter on the data changed significantly. During the shorter calibration intervals (i.e. 2, 4, and 6 minutes) the filter caused the data to only change by a minute amount over the interval, in the order of 1-3 mm Hg. However, at the 8-min calibration interval the filter was causing a change of in excess of 5 mm Hg over the course of the interval. This grows rapidly after the 8-min interval as can be seen by the results in Table 1 and in the Bland Altman graphs Figures 2d-f) . A similar degradation can be seen in the data from examining the BHS standard in Table 2 . Using the BHS standard, it is in many ways easier to see how the effect of the filter changes, with 100% of the results being o5 mm Hg when using a 2-min calibration interval, whereas in the 8-min calibration interval, this has fallen to 29.04%. During the 6-min calibration, a linear relationship has been found with r ¼ 0.96 and an r 2 ¼ 0.98.
Poon's algorithm Tables 3 and 4 present the results of using Poon's algorithm. While analysing this algorithm, it was noted that, on occasion, large spikes in BP occurred during some tests. These spikes exceeded 1000 mm Hg and thus adversely affected the s.d. of the data. These values, clearly being errors, were removed and were replaced by a mean of the previous results. A total of 14 of these anomalous points occur in the data. It is strongly suspected that these spikes are because of motion artefacts. Due to the inverse proportionality of PTT W and BP in Poon's algorithm, a small error in the measurement of PTT will result in a large error in BP. The Bland Altman graphs show (Figures 3a-f ) a steady deterioration of results, that is, the cluster seems to grow steadily from the 2-min calibration interval to the 12-min calibration interval. There are also a large number of outliers (errors) that can be found in each of the Bland Altman graphs, and these are the primary reason for the large s.d. and thus poor performance of the algorithm. Using Poon's algorithm, it was found that calibration is required before the 2-min calibration interval. The majority of mean errors recorded were within the acceptable limits, that is, 5 mm Hg, but the s.d. is always 48 mm Hg.
DISCUSSION
Two different PTT algorithms used to track BP have been examined. As this relationship was developed by Chen in 2000, many researchers have examined and refined the relationship. Most methodologies have been examined over short periods of time, because the relationship, as identified by Moens-Korteweg, depends on the arterial wall elasticity remaining constant. Although Chen found a calibration interval of 5 min was sufficient in his work, Payne found a calibration interval of 60 beats or less was required for the PTT to be accurate. 15 The PTT method has a number of advantages over other technologies and methods for estimating BP, most critically: the ability to monitor BP cufflessly making it more comfortable and Each calibration interval is assessed using this method and the associated BHS standard is provided in the last column. A rating of 'B' is deemed acceptable, whereas a rating of C is deemed failure. Up until 2000, it was too difficult to monitor short-term changes in BP. However, since Chen's work, it is now possible to do this. The aim of this study was to identify which method provides the best accuracy and which method remains accurate for the longest time. Table 5 shows a summary of the overall results using the AAMI standard.
From Table 5 , it appears that Chen's method is the best one for estimating BP and is accurate when using a 6-min calibration interval, before exceeding the AAMI standard when an 8-min calibration interval is used. However, there are a number of concerns with relation to this method.
It has been noted when using Chen's method that, due to the filtering, the estimated BP does not change much from the initial BP measurement when using a small calibration interval, that is, using a 6-min calibration interval or less. Indeed, it can be seen that no matter what change is recorded using the cuff, the shape of the Chen's estimation remains much the same, as illustrated in Figure 4a . Although the LFC is using a lookup table between calibration points and the filter is causing such little change in the data, the overall effect is that the errors, if any, are minute. Even when the calibration interval is expanded to 6 min, where the filter has some noticeable change in BP, the amplitude of the change is still relatively low, usually o5 mm Hg over the 6-min interval. Although a healthy individual's BP at rest does not vary greatly over short intervals, by keeping the amplitude of the estimation low, it can remain within the 5-mm Hg limit that is defined in the AAMI standard and, because of the small errors generated, all levels of the BHS standard. Figure 4a shows that regardless of the actual change in BP, a similar curve is found. In essence, Chen's higher-frequency component provides a straight line that does not vary by more than or less than B3 mm Hg throughout the entire 6 min of the test and relies on the LFC to correct any errors and therefore complies with the standards. Owing to the need of the LFC to correct the errors, the data is also not provided in real time, but with a lag time that is equal to the duration of the calibration interval. However, as outlined in the Results section, at 8 min the filter causes a large change in the data over the calibration interval and becomes the dominant factor in the results.
Alternatively, Poon's algorithm showed a failure even when using a 2-min calibration interval in either standard that was applied and is in line with the results that Poon has found. However, on examination of the algorithm, it appears that it tracks the changes in BP quite well, as shown in Figure 5 .
Although it was necessary to remove some spikes because of motion artefacts, Poon's algorithm seems to be much better at tracking BP when compared to Chen's method. However, this can be quite difficult to qualify because of the high magnitude of noise associated with the method. If this noise could be eliminated or diminished, Poon's algorithm would be the best method to use for tracking BP.
One factor that may have an effect on the results is how PTT is defined. In this paper, PTT is defined as the time from the peak of the ECG R-wave to the peak of the PPG wave; others have found a stronger relationship by using different points on the PPG wave. Lopez used foot of the PPG wave, 16 whereas Yoon found a greater correlation between SBP and the maximal slope point of the PPG signal. 13 By examining other points along the PPG wave, it may be possible to such as these it may be possible to extend the calibration interval.
From Tables 1 and 3 , the PTT method seems to suit certain individuals better than others, that is, both algorithms exceed the overall result for volunteer 6, but neither algorithm suit volunteer 12. The common factors that produce 'good results' or 'bad results' have not been identified here but, if these commonalities were identified, then the true value of PTT would become more apparent. These results support findings by other authors that using PTT alone is not enough and other cardiac parameters such as pre-ejection period should be included in the algorithms. 17, 18 Other authors have also investigated using different methods of relating PTT to BP. Fung et al. 19 derived a relation using the kinetic energy of the pulse wave as a basis and incorporated various body measurements, as well as an estimation for pre-ejection period in their algorithm. Fung recorded PTT from 22 patients, during which time drugs caused some major fluctuations in the BP. This method yielded a total mean error of À 0.0790 mm Hg with a s.d. of 11.32 mm Hg, which is outside the AAMI standard. Although the results show that the algorithm is outside the standard, it is unclear if the major fluctuations adversely affected the algorithm. It is also unclear how long the duration of the test was and what calibration intervals were used or were required.
Shriram et al. 20 have also examined using the PTT method as a means to estimate BP. Shriram used the Moens-Korteweg equation directly, the same as what has been described here in relation to Figure 4 . The shortcoming of Chen's algorithm can be seen in these graphs. (a) The effects of both components that are part of Chen's algorithm when using a 6-min calibration interval. It can be seen that the filter causes very little variation in the results over the duration and as can be seen in (b), which is a combination of the two components, it is the LFC that has the bigger impact on the results at this calibration interval. As the calibration interval increases the filter becomes the more dominant factor and the effect of the lookup table decrease. Chen, but did not use Chen's filter. This yielded a mean error and s.d. of 0.52 ± 3.3 mm Hg, measured from 23 healthy volunteers. However, it is again unclear whether the duration of the examinations and the use of calibration intervals were investigated.
Gu et al. 21 (who are part of the same group as Poon above) have also examined the PTT-BP relationship. In their study, they measured PTT during rest periods but also after periods of exercise and included a new parameter known as the relative amplitude of secondary peak of PPG. As with many other of the studies outlined here, the duration of the exams were not specified exactly but the method was shown to be accurate, even after exercise with a mean error and s.d. of À 0.4 ± 5.3 mm Hg.
Although there have been many investigations into using the PTT method and indeed many authors have derived their own algorithms, most authors have not stated the calibration intervals, in some cases the duration of the tests or specifically, the duration of the recording of PTT. This makes comparisons between reported results difficult and evaluations of the practicalities such as have been examined here, to be quite difficult as well. However, as most authors admit that the PTT method is only accurate over short periods, a similar outcome to that of this study can be expected and it is suggested that other cardiac parameters may need to be included to extend the calibration intervals that would allow for accurate tracking of BP over extended periods of time.
The findings of this study are summarised in the below table. From this study, it is apparent that neither of these PTT algorithms can be used to provide reliable BP measurements nor are they suitable for practical applications due to the short calibration intervals required. Both of the algorithms studied in this paper have limitations and neither can be recommended because of their shortcomings when estimating BP over extended periods of time.
What is known about this topic PTT can be related to BP using both Chen's and Poon's algorithms, as shown in their work. This relationship has been shown to be valid only over short periods, 5 min and 45 s, respectively, but a modification of this duration, either lengthening or shortening, has unknown results.
What this study adds
Poon's algorithm needs to be recalibrated more frequently than every 2 min to remain accurate. Chen's algorithm adheres to the standards when using a 4-min calibration interval, but there are concerns about its ability to track large changes in BP. Given the short calibration intervals when using these algorithms, the PTT method is not suitable to calculate or monitor BP.
